Located at 6q22-23, Ccn6 (WISP3) encodes for a matrix-associated protein of the CCN family, characterized by regulatory, rather than structural, roles in development and cancer. CCN6, the least studied member of the CCN family, shares the conserved multimodular structure of CCN proteins, as well as their tissue and cell-type specific functions. In the breast, CCN6 is a critical regulator of epithelial-to-mesenchymal transitions (EMT) and tumor initiating cells. Studies using human breast cancer tissue samples demonstrated that CCN6 messenger RNA and protein are expressed in normal breast epithelia but reduced or lost in aggressive breast cancer phenotypes, especially inflammatory breast cancer and metaplastic carcinomas. Metaplastic carcinomas are mesenchymal-like triple negative breast carcinomas, enriched for markers of EMT and stemness. RNAseq analyses of the TCGA Breast Cancer cohort show reduced CCN6 expression in approximately 50% of metaplastic carcinomas compared to normal breast. Our group identified frameshift mutations of Ccn6 in a subset of human metaplastic breast carcinoma. Importantly, conditional, mammary epithelial-cell specific ccn6 (wisp3) knockout mice develop invasive high-grade mammary carcinomas that recapitulate human spindle cell metaplastic carcinomas, demonstrating a tumor suppressor function for ccn6. Our studies on CCN6 functions in metaplastic carcinoma highlight the potential of CCN6 as a novel therapeutic approach for this specific type of breast cancer.
Introduction
Breast cancer is the most common malignancy and a leading cause of cancer-related death in women in the world. However, the events leading to cancer initiation and progression are still not fully understood, and there still is no cure for the~20% of patients with distant metastasis. Studies have demonstrated that invasive carcinomas of the breast constitute a heterogeneous group of malignancies with different invasive and metastatic abilities. This heterogeneity is evident by different gene expression patterns, various histological morphologies under the light microscope, and different clinical behaviors and treatment responses.
The histopathological classification of invasive breast carcinomas depends on their degree of differentiation, which reflects how closely a tumor forms glandular structures and the cellular pleomorphism (Tavassoli 1992) . Most invasive carcinomas of the breast are ductal, accounting for approximately 80% of tumors. Invasive lobular carcinomas account for 10-15% of all breast cancers, and the remainder constitute special histological types including metaplastic carcinoma, and others. The development of molecular classifications based on gene expression profiling demonstrated that breast carcinomas may be subclassified as luminal A, luminal B, HER2, and triple negative breast cancer (TNBC) subtypes, which includes the mesenchymal and mesenchymal-stem like groups with the histological features of metaplastic carcinomas (Hennessy et al. 2009; Perou et al. 1999; Pollack et al. 1999) .
Metaplastic breast carcinomas are a subtype of TNBC defined by the presence of glandular and non-glandular components (Devilee 2003; Rakha et al. 2015; Turner and Reis-Filho 2006) . The non-glandular component results most of the times from mesenchymal differentiation and includes cells with spindle, osseous, or cartilaginous features. Metaplastic carcinomas constitute~1.5% of all breast cancers, and up to 14% of tumors in African and African-American women (Abouharb and Moulder 2015; Pang et al. 2012) . These tumors do not respond well to conventional chemotherapy, and with the exception of the low-grade fibromatosis-like subtype, metaplastic carcinomas have a higher propensity for metastasis compared to other TNBC, with a 5-year overall survival is 54% versus 73%, respectively (Song et al. 2013) . Understanding the pathobiology of metaplastic carcinomas is critical to develop new and effective treatments.
Metaplasia is the reversible change in which one adult cell type is replaced by another adult cell type, and it is currently thought to arise from genetic reprogramming of stem cells. A mechanism by which cells may undergo metaplasia during tumorigenesis is through an epithelial to mesenchymal transition (EMT). Through this process, tumor cells acquire molecular and phenotypic changes resulting in spindle morphology and dysfunctional cell-cell adhesion, leading to invasion and metastasis (Hugo et al. 2007; Peinado et al. 2007; Zhou et al. 2004) . EMT was shown to induce the acquisition of breast cancer stem cell properties (Mani et al. 2008) . One of the most frequent molecular alterations in the EMT process is the loss of membranous E-cadherin, which facilitates cell detachment (Hugo et al. 2007; Peinado et al. 2007 ). Metaplastic carcinomas are characterized by reduced or negative E-cadherin expression. Recent genomic analyses showed that metaplastic carcinomas harbor TP53 mutations and frequent PI3K and Wnt pathway gene alterations, including mutations (Badve et al. 2011; Hennessy et al. 2009; Ng et al. 2017; Turner and Reis-Filho 2006; Turner et al. 2007) . Our laboratory has demonstrated that a subset of human metaplastic carcinomas harbor CCN6 (WISP3) frameshift mutations (Hayes et al. 2008 ). Here, we will present the body of evidence implicating the matricellular protein CCN6 (WISP3) in the pathogenesis of metaplastic carcinomas, and discuss the mechanisms of CCN6-mediated tumor suppressor function.
The matricellular protein CCN6 (WISP3)
The CCN family consists of six matrix-associated signaling modulators -CCN1 (Cyr61), CCN2 (CTGF), CCN3 (Nov), CCN4 (WISP1), CCN5 (WISP2), and CCN6 (WISP3) (Jun and Lau 2011; Perbal et al. 2003; Perbal 2004 Perbal , 2005 Perbal , 2006 . The CCN family members are cysteine rich, glycosylated proteins that are secreted and modulate multiple functions in development and disease (Jun and Lau 2011; Kubota and Takigawa 2013) . They share a secretory signal peptide at the N-terminus, which facilitates their extracellular localization (Perbal 2001; Yang and Lau 1991) . The signal peptide is followed by four highly conserved functional domains: the insulin-like growth factor binding domain (IGFBP) which c o n t a i n s t h e I G F b i n d i n g c o n s e n s u s s e q u e n c e (GCGCCXXC), the Von Willebrand factor type C repeat (VWC) domain, the thrombospondin type-1 repeat (TSP-1) that binds a wide range of extracellular targets such as TGF-β, integrins, and collagen V, and the cysteine knot (CT) domain that also exists in the structure of several TGF-β family members (Bork 1993; Lau 2016) . The IGFBP and VWC domains are connected to the TSP and CT domains via a variable 'hinge' region (Byun et al. 2001; Grotendorst and Duncan 2005; Holbourn et al. 2008; Imai et al. 2000; Yang and Lau 1991) . Despite the strong similarities in protein sequence and structure, CCN family members can display similar functions as well as opposite roles in carcinogenesis. In breast cancer, CCN1 and CCN2 mainly act as oncoproteins while CCN5 and CCN6 are known for their tumor suppressive roles (reviewed in (Kleer 2016) ).
CCN6 mutations were reported in patients with progressive pseudorheumatoid dysplasia, and deregulated expression of CCN6 was found in colon and in inflammatory breast cancer (Hurvitz et al. 1999; Pennica et al. 1998; van Golen et al. 1999) . Genomic studies showed that the chromosome arm 6q, where Ccn6 is located, frequently presented allelic imbalance in human breast cancer (Chappell et al. 1997; Fujii et al. 1996; Rodriguez et al. 2000) . Interestingly, sequencing of human metaplastic carcinoma tissue samples discovered a frameshift mutation in Ccn6 (Hayes et al. 2008) , suggesting a causal tumor suppressor role for CCN6.
CCN6 restrains breast cancer growth and metastasis through regulation of cancer cell plasticity
Similar to human tissue samples, CCN6 expression is low in metastasizing breast cancer cell lines with spindled morphology, compared to non-tumorigenic breast cells. Our studies demonstrated that ectopic expression of CCN6 in aggressive breast cancer cell lines with low CCN6 expression reduced growth and invasion in vitro, and tumor volume and metastasis in vivo (Huang et al. 2010; Kleer et al. 2002; Lorenzatti et al. 2011; Pal et al. 2012a; Zhang et al. 2005) . The most striking data from these experiments were the profound morphological change induced by CCN6 in breast cancer cells, and a significant reduction in tumor initiating cells compared to controls.
Ectopic CCN6 overexpression in triple negative spindled breast cancer cell lines changed their morphology towards better-differentiated epithelial cells compared to controls (Huang et al. 2010; Pal et al. 2012a, b) . These changes were observed in vitro and in vivo, and were associated with a gene and protein expression pattern characteristic of a mesenchymal-to-epithelial transition with upregulation of cytokeratin 18, E-cadherin, downregulation of the mesenchymal marker vimentin, and reduction of EMT transcription factors ZEB1, Slug, and Snail (Huang et al. 2008 (Huang et al. , 2016 Lorenzatti et al. 2011) . Consistent with these observations, CCN6 shRNA downregulation in non-tumorigenic breast cells induced a bona fide EMT in two and three dimensional culture systems, morphologically and at the protein and gene expression levels, and triggered a highly invasive and motile phenotype (Huang et al. 2008; Zhang et al. 2005) .
The mechanistic and functional connection between EMT and stemness has been well-established in development and in cancer (Mani et al. 2008; Polyak and Weinberg 2009) . The strong effect of CCN6 on epithelial cell morphology led us to hypothesize that CCN6 may also be a regulator of stemness in breast cancer. Indeed, our studies indicate that ectopic CCN6 overexpression in triple negative invasive breast cancer cells reduced the number of tumor initiating cells and reduced their ability to form tumors in limiting dilution studies in vivo (Huang et al. 2016) . In these experiments, we identified that CCN6 inhibited a NOTCH1/Slug axis to reduce breast cancer tumor initiating cell populations. Taken together, studies demonstrate that CCN6 is a central regulator of breast cancer cell plasticity, which links epithelial-to-mesenchymal transitions and tumor initiating cells.
CCN6 is a secreted matrix-associated protein that modulates growth factor signaling pathways CCN6, similar to other CCN family members, is secreted in the extracellular medium. CCN6 was detected in the conditioned medium of breast cancer cells with ectopic CCN6 overexpression. Studies demonstrated that CCN6 containing conditioned media was able to suppress proliferation and growth of breast cancer cells . Similarly, human recombinant CCN6 protein was sufficient to reduce breast cancer growth and invasion compared to vehicle treated cells (Pal et al. 2012a) .
Despite efforts, a high affinity CCN-specific receptor has not been identified to date, studies have demonstrated that CCN proteins bind to integrins, including αvβ3, αvβ5, α5β1, α6β1, to heparan sulfate proteoglycans (HSPGs), growth factors, and receptors including NOTCH, lowdensity lipoprotein receptor-related proteins (LRPs), and the cation-independent mannose-6-phosphate receptor (M6P/ IGF-2R) (recently reviewed in (Lau 2016) ). The ability of CCN proteins to bind various receptors and signaling proteins may account for the context dependent and the multiple biological functions of CCNs. This ability also highlights the role of CCN proteins, including CCN6, as extracellular signaling regulatory hubs, which are attractive therapeutic targets.
While it remains an open question whether CCN6 binds to insulin-like growth factors (IGFs) or IGF receptors, extracellular CCN6 protein has been shown to interfere with IGF signaling in breast cancer cells to reduce proliferation and invasion. Studies have showed that CCN6 containing conditioned medium blocked the growth and invasion promoting effects of IGF1 and reduced IGF-mediated activation of IGF-1R, pERK1/2, pAKT1, and pIRS1 in aggressive breast cancer cells ). Concordantly, another study in an immortalized human mammary epithelial cell line, HME, using the knock-down approach showed that inhibition of CCN6 expression promoted anchorage dependent/ independent growth and enhanced the growth effect of IGF-I (Zhang et al. 2005 ). More recently, our group uncovered a link between secreted CCN6 and EMT regulators by demonstrating that CCN6 inhibited the effects of IGF-1 on ZEB1 upregulation in breast cancer cells (Lorenzatti et al. 2011) .
Transforming growth factor β (TGF-β) is a well-known EMT inducer (Barcellos-Hoff and Akhurst 2009; de Caestecker et al. 2000) . Using co-immunoprecipitation and surface plasmon resonance, our group has discovered that CCN6 binds directly and with high affinity to BMP4, a member of the TGF-β superfamily (Pal et al. 2012b ). Development of domain specific CCN6 deletion mutants, we identified that the TSP domain is required for BMP4 binding, and for the invasion inhibitory function of CCN6 in triple negative breast cancer cells. These studies led to the discovery that CCN6-BMP4 binding reduces BMP4 signaling through p-38/TAK1 pathway, leading to reduced invasion and migration of breast cancer cells. In addition to BMP4, Pal et al. found that CCN6 regulates the expression of type III TGF-β receptor (TβRIII), hence, controls the expression of α6 integrin and E-cadherin, maintains the apical-basal polarity and preserves the acinar organization in 3D cultures (Pal et al. 2012b) . The inverse correlation between CCN6, BMP4, and TβRIII protein expression was also evident in human breast cancer tissue samples (Pal et al. 2012a, b) . Collectively, these data demonstrate that CCN6 is an extracellular regulator of several important growth factor signaling pathways including BMP4 and IGF, and that CCN6 modulates their tumor promoting effects on the breast epithelium.
CCN6 emerges as a tumor suppressor for high-grade spindle metaplastic carcinomas of the breast Global deletion and overexpression mouse models were previously developed to investigate the role of CCN6 in skeletal alterations, with no discernible phenotype (Kutz et al. 2005; Nakamura et al. 2009 ). To define the role of CCN6 in mammary gland development and tumorigenesis, our lab has generated a conditional, mammary epithelial cell-specific Ccn6 knockout mouse model (Martin et al. 2017) . Using Cre/loxp-mediated recombination, we specifically inactivated the Ccn6 gene in the mammary epithelium, by intercrossing the floxed Ccn6 mice with the MMTV-Cre mice. The offspring were genotyped using primers specific for various Ccn6 alleles (i.e. floxed, wild-type, and deleted) and with primers specific for Cre.
Underscoring the relevance of earlier studies in cell lines and in xenograft models which demonstrate that CCN6 regulates EMT and cell plasticity, ;MMTV-Cre mice displayed a variety of histological abnormalities including secretory hyperplasia and atypical ductal hyperplasia, similar to the human counterparts.
The hypobranching phenotype and defects in ductal bifurcation observed during development of the mammary glands of Ccn6 fl/fl ;MMTV-Cre mice highlights a role for Ccn6 in mammary gland morphogenesis and may have implications for tumor initiation. It is interesting to note that a similar phenotype has been reported after deletion of classical tumor suppressors including Brca1 and Brca2 (Ferguson et al. 2012; McAllister et al. 2002; Xu et al. 1999) . Because Ccn6-related tumorigenesis is characterized by an initial growth disadvantage it is not unexpected that tumor formation occurs after a long latency, as observed in Brca1 conditional knockout mice (Xu et al. 1999) .
The observation that Ccn6 fl/fl ;MMTV-Cre mice mammary glands showed delayed age-related involution with residual terminal end buds and brown fat after 8 months of age may shed light into preneoplastic progression. Defective agerelated involution with persistent brown adipose has been reported in mammary glands from adult Brca1 mutant mice prior to development of poorly differentiated carcinomas (Jones et al. 2011) . Recent studies in human tissues showed that defective age-related lobular involution is significantly associated with increased risk for breast cancer (Milanese et al. 2006; Radisky and Hartmann 2009) . In particular, postmenopausal women with delayed age-related involution have a 3-fold increased risk of breast cancer compared with women with normal involution (Milanese et al. 2006; Radisky and Hartmann 2009) . ;MMTV-Cre mice mammary tumors also resemble human metaplastic carcinomas at the transcriptional level.
Comparison of the expression profile of orthologous genes between mouse and human metaplastic carcinomas, resulted in a common 87-gene signature. Among the 87 shared genes (10 up-and 77 are downregulated) were several that have been previously studied as markers of human metaplastic carcinoma including downregulated expression of Cdh1, Cldn3, Cldn4, and Krt19 (Hennessy et al. 2009; Koker and Kleer 2004; Rungta and Kleer 2012; Zhang et al. 2012) . These studies also uncovered genes that have not been considered in this context previously. Among the top upregulated genes were Hmga2, Igfbp2, and Hbegf. Hmga2 (high mobility group AT-hook 2) was previously reported to promote EMT and metastasis by activating the TGFβ receptor II signaling (Morishita et al. 2013) . Igf2bp2 (p62/IMP2), a member of the family of insulin-like growth factor 2 mRNA binding proteins, is regulated through activation of IGF receptors, and promotes breast cancer cell migration and reduces adhesion in TNBC cells (Li et al. 2015) . Hbegf (heparin binding EGFlike growth factor) induces breast cancer intravasation and metastasis (Zhou et al. 2014 in upregulated expression of IMP2/IGF2BP2 and the architectural transcription factor HMGA2, two oncofetal proteins involved in IGF and TGF-β signaling that are upregulated in aggressive cancers and are important inducers of EMT and invasion. At least in part through these mechanisms, CCN6 loss leads to EMT and increased tumor initiating cells and to the development of spindle metaplastic carcinomas Ddr1. Foxa1 is an important regulator of the ERα and the androgen receptor, whose silencing increases invasion and induces an aggressive, basal-like breast cancer phenotype (Bernardo and Keri 2012) . Spint 1 and 2 (hepatocyte growth factor activation inhibitors HAI-1 and HAI-2) are potent matriptase inhibitors reducing invasion and metastasis in TNBC (Parr and Jiang 2006) . The Discoidin Domain Receptor 1 (Ddr1), a collagen-binding receptor tyrosine kinase, is associated with worse survival in women with TNBC (Toy et al. 2015) .
Conclusion and perspective
CCN6, the least studied member of the CCN protein family, is a powerful regulator of breast tumorigenesis. Loss of CCN6 gives rise to one of the most lethal forms of invasive breast cancer, spindle metaplastic carcinomas. Further studies are needed to understand how extracellular CCN6 regulates EMT and cancer cell plasticity, which are the critical CCN6 protein domains responsible for the tumor suppressor function, and elucidate novel CCN6 binding partners and receptors that transmit CCN6 extracellular tumor suppressor signals into breast epithelia. Our current working hypothesis is illustrated in Fig. 1 . The recent development of Ccn6 fl/fl ;MMTV-Cre mice, a unique mouse model of spindle metaplastic carcinoma, will accelerate the discovery of disease drivers and biomarkers, and enable testing new therapies against these aggressive tumors.
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